Objective-Chronic arterial occlusion results in arteriogenesis of collateral blood vessels. This process has been shown to be dependent on the recruitment of growth-promoting macrophages to remodeling collaterals. However, the potential role of venules in monocyte recruitment during microvascular arteriogenesis is not well demonstrated. First, we aim to document that arteriogenesis occurs in the mouse spinotrapezius ligation model. Then, we investigate the temporal and spatial distribution, as well as proliferation, of monocytes/macrophages recruited to collateral arterioles in response to elevated fluid shear stress. Approach and Results-Laser speckle flowmetry confirmed a postligation increase in blood velocity within collateral arterioles but not within venules. After 72 hours post ligation, collateral arteriole diameters were increased, proliferating cells were identified in vessel walls of shear-activated collaterals, and perivascular CD206 + macrophages demonstrated proliferation. A 5-ethynyl-2′-deoxyuridine assay identified proliferation. CD68 + CD206
A rteriogenesis is the process by which collateral arteries/arterioles remodel and undergo diameter expansion in response to increased luminal shear stress. This occurs in arterioles running collateral to an occluded arteriole as a result of decreased downstream pressure. Macrophages that accumulate around collateral vessels undergoing arteriogenesis are known to be crucial to the remodeling process because of their secretion of numerous cytokines 1 and growth factors. 1, 2 These influence further cell recruitment to the site of remodeling, breakdown and deposit of extracellular matrix, and cell proliferation within the growing collateral. 3, 4 The recruitment of circulating monocytes during arteriogenesis has been implicated by numerous studies. Heil et al 5 demonstrated that increasing circulating monocyte numbers enhances arteriogenesis, whereas depleting them diminishes arteriogenesis. Impaired arteriogenesis in chemokine (C-C motif) receptor 2 (CCR2) knockout mice was also demonstrated by this group 6 and Nickerson et al 7 showed this defect to be dependent on bone marrow-derived cells. However, no previous study has simultaneously examined arteriolar and venular recruitment of these cells during arteriogenesis. Furthermore, the spatial and temporal dynamics of this process have not been well established in the setting of microvessel flow alterations because of occlusion.
Although leukocyte transmigration into tissues is known to occur through postcapillary venules generally, 8 Schaper et al 9 documented adherence of monocytes to the collateral artery endothelium, as well as monocyte penetration into the subintimal space, during arteriogenesis of canine coronary collaterals. In the setting of murine microvascular arteriogenesis, where no neointima formation takes place, it is unknown how these cells arrive to sites of arteriolar remodeling. Here, extravasation from arterioles versus extravasation from venules has been open to debate. Likewise, the potential proliferation and expansion of tissue-resident macrophages have remained unexplored. 10 This study first sought to confirm that arteriogenesis occurs in collateral arterioles of the murine spinotrapezius muscle after feeder arteriole ligation. The second goal was to examine a time course of monocyte recruitment to collateral arterioles during this process to determine whether these cells extravasate from arterioles or venules. Third, we sought to determine whether a local population of macrophages reside in this muscle, and if so, whether ligation surgery resulted in their expansion. Finally, we sought to determine whether local proliferation of macrophages occurs in this model. A better understanding of how these cells arrive in the tissue could affect future treatments for promoting arteriogenesis.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Ligation Increases Blood Velocity and Vessel Diameters in Collateral Arterioles
Feeder arteriole ligation increased blood velocities in collateral arterioles but not in venules ( Figure 1B-1D ). Sham surgery had no detectable effect on blood velocities in either microvessel type (data not shown).
Speckle intensities normalized for both background and microvessel radii were similar for collateral arterioles and draining venules before ligation. However, only collateral arterioles experienced an 86% increase in normalized speckle intensity over radius at 30 minutes after ligation. Normalized speckle intensity over radius for collateral arterioles was still elevated at 72 hours after ligation and had decreased only an insignificant amount from the previous time point ( Figure 1D ).
External collateral arteriole diameters 72 hours after ligation were significantly increased when compared with both unoperated and 72-hour sham-operated muscles. No difference was detected in venule diameters between groups. Venule diameters were significantly larger than artertiole diameters in each group ( Figure 1E ). No significant change from unoperated or sham was detected in arteriole diameter for postligation time points before 72 hours (data not shown).
Macrophage and Mast Cell Populations Reside in the Unoperated Spinotrapezius
Examination of unoperated spinotrapezii revealed few resident CX3C chemokine receptor 1 (CX3CR1) (+/GFP) cells, and no difference was detected in the number of these cells associated with arterioles versus venules (Figure 2A and 2D). Similar numbers of CD68 + CD206 + resident macrophages were observed residing in the perivascular spaces of collateral arterioles and venules ( Figure 2B and 2D) .
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CD68
+ CD206 − cells (indicated along microvessels by arrows in Figure 2B ) were observed to be associated with both arterioles and venules. These cells appeared larger than CD68 + CD206 + cells, were fewer in number than CD206 + cells, often had evident granules at 600× magnification, and stained much brighter than most CD206 + cells for CD68 ( Figure 2B ). Staining with conjugated Avidin confirmed these to be mast cells 11 ( Figure 2C ).
CD68 +
CD206
+ Macrophages Are Increased in Ligated Muscle
Ligation surgery significantly increased macrophages associated with both collateral arterioles (96% increase versus sham) and venules (59% increase versus sham) after 72 hours. Conversely, sham surgery induced no significant change in the number of macrophages associated with microvessels after 72 hours when compared with unoperated muscles ( Figure 3A and 3B). A designates arteriole; V, venule; arrowheads indicate mast cells associated with microvessels. Scale bars, 50 μm. B, Vessel-associated CD68+CD206+ macrophages were not increased significantly from unoperated for either collateral arterioles (red bars) or venules (blue bars) in sham muscles after 72 hours. In contrast, CD68+CD206+ macrophages associated with both arterioles and venules in ligated muscles were significantly increased compared with sham surgery. C, Arteriole-associated mast cells were significantly increased in the ligated group compared with muscles within the sham group. Also, significantly more mast cells were associated with arterioles (red bars) compared with venules (blue bars) in the ligated group. *P<0.05 between vessel types within surgery group. ^P<0.05 increase between surgery treatments for the indicated group. n=12 fields of view from 3 mice per group. (+/GFP) cells were primarily associated with venules 6 hours after ligation in both surgery treatments. Associations with arterioles increased significantly by 24 hours within both surgery treatments, and numbers associated with arterioles at 24 hours were significantly higher in the ligated group vs the sham. Significantly more GFP+ cells were present in ligated muscles vs sham at both 24 and 72 hours after surgery. GFP+ cells associated with venules decreased significantly in the sham group at 24 hours and the ligated group at 72 hours. C, CX3CR1
(+/GFP lo) cells were primarily associated with venules at 6 hours after surgery in both treatment groups. Associations with arterioles increased significantly by 24 hours in both treatments, and numbers associated with arterioles at 24 hours were significantly higher in the ligated group vs the sham. Significantly more of these cells were present in ligated muscles vs sham at 24 hours. Cell counts associated with venules increased significantly by 24 hours in the ligated group before decreasing significantly by 72 hours. This change in venule-associated numbers did not occur in the sham group. Note that no significant differences existed between any groups within the 72 hour time point.
D, CX3CR1
(+/GFP hi) cells were primarily associated with venules at 6 hours after surgery in both surgery treatments. Cell counts increased significantly between 6 and 24 hours in the ligated group only. At 24 hours, significantly more cells were associated with arterioles in the ligated group vs the sham group. Cell numbers associated with venules decreased by 24 hours in the sham group but not in the ligated group. CX3CR1
(+/GFP hi) cells associated with arterioles increased between 24 and 72 hours in the ligated group but not in the sham. These cells were preferentially associated with arterioles at 72 hours in only the ligated group. Significantly more of these cells were present in ligated muscles vs sham at both 24 and 72 hours.
Mast Cells Are Increased in Ligated Muscle
Ligation surgery significantly increased mast cell numbers associated with arterioles after 72 hours when compared with both unoperated and sham. Mast cells in ligated muscles were preferentially associated with arterioles ( Figure 3A and 3C). Sham surgery did not induce a significant increase in the number of mast cells after 72 hours when compared with unoperated muscle. 
CX3CR1 (+/GFP) Cells Are Recruited From Venules During Arteriogenic Remodeling
After 6 hours, in both sham and ligated groups, the number of CX3CR1
(+/GFP) cells present had increased greatly from the unoperated group. Most of these were associated with venules. Significantly higher numbers of both CX3CR1 (+/GFP hi) cells and CX3CR1 (+/GFP lo) cells were associated with venules when compared with arterioles for both (+/GFP lo) cells associated with collateral arterioles had increased significantly from 6 hours in the ligated group. In addition, there was a significant increase from 6 hours (up 39%) in CX3CR1
(+/GFP lo) cells associated with venules in the ligated group. There was no significant difference in associated cell numbers between microvessel types at 24 hours after ligation. 
Only Venular Lumina Exhibit Accumulation of Adhered Monocytes After Ligation
Adhered CX3CR1
(+/GFP) cells were present in venular lumina at every time point examined as were adhered isolectin+ leukocytes ( Figure 5A-5D ). Some double-positive cells were observed in venular lumina. CX3CR1
(+/GFP) cells could clearly be seen extravasating from venules at the 6-hour time point ( Figure 5A ). Adhered CX3CR1 (+/GFP) cells in arteriolar lumina were exceedingly rare at every time point examined. We observed only 2 of these cells total in all ×600 FOVs examined at sites of CX3CR1 (+/GFP) cell recruitment (30+ FOVs total from 23 animals with every time point represented). Two other examples were observed, which were not in regions exhibiting recruitment to the tissue. They exhibited a round morphology and all were GFP hi . The single example observed in (+/CX3CR1-GFP)/(+/CCR2-RFP) tissue had no detectable CCR2-RFP.
We were unable to detect isolectin+ adhered leukocytes within arteriolar lumina at any time point. We also detected no CCR2
(+/RFP) adhered cells within arteriolar lumina of (+/ CX3CR1-GFP)/(+/CCR2-RFP) animals. These specimens revealed that the vast majority of CX3CR1 (+/GFP) cells present exhibited CCR2-RFP expression ( Figure 5D ).
For individual CX3CR1 (+/GFP) cells present at 24 hours after ligation in (+/CX3CR1-GFP)/(+/CCR2-RFP) animals, there was a strong positive correlation (correlation coefficient, 0.814; P=2.1×10 −12 ) between CX3CR1-GFP and CCR2-RFP mean pixel intensity ( Figure 5E ).
We examined collateral arterioles in gracilis adductor muscles from 4 mice 24 hours after femoral artery ligation. Single monocytes were again rarely seen in arteriolar lumina. We found no evidence of CX3CR1 (+/GFP) cell accumulation in collaterals arterioles, which exhibited CX3CR1 (+/GFP) cell recruitment. CX3CR1 (+/GFP) cells were observed to be adhered in nearby venules (Supplemental Figure II) .
5-Ethynyl-2′-Deoxyuridine Cell Proliferation Assays Verify Collateral Remodeling
5-Ethynyl-2′-deoxyuridine (EdU)
+ nuclei, indicating that cells had entered S-phase, were associated with both microvessel types in muscles examined at 24 and 72 hours after ligation. Positive nuclei associated with microvessels at 24 hours after ligation sat primarily in the perivascular spaces of venules ( Figure 6A ). This difference was significant, with venules exhibiting 94% more EdU + nuclei in their perivascular spaces ( Figure 6H ). Positive nuclei within arteriolar vessel walls were rare at this time point. EdU + nuclei in the perivascular spaces of arterioles were more prevalent after 72 versus 24 hours. In addition, EdU + nuclei within the vessel walls of collateral arterioles had increased dramatically by 72 hours after ligation. Extensive EdU staining was present in the endothelial cells of the intima at this time. These changes resulted in a significant 435% increase in EdU + nuclei associated with collateral arterioles between 24 and 72 hours after ligation ( Figure 6B-6D, 6H ). Collateral arterioles in unoperated contralateral muscles did not possess these EdU + nuclei within the cells of their walls and did not exhibit the increase in positive nuclei within perivascular cells (not shown). We found EdU + nuclei within CD206 + cells at both time points examined. These were more common at 72 hours after ligation, especially around remodeling arterioles ( Figure 6C and  6D) . However, most EdU + nuclei in the perivascular spaces of microvessels resided in cells which did not express either marker. We also observed EdU + nuclei within mast cells stained with conjugated Avidin although these were rare ( Figure 6G ).
Discussion
With this study, we sought to determine whether arteriogenesis takes place in collateral arterioles of the murine spinotrapezius after feeder arteriole ligation. It has previously been shown that vascular networks in spinotrapezii of C57BL/6 mice contain multiple native collateral vessels, 12, 13 and that they can undergo remodeling. 14, 15 Increased fluid shear stress is known to be the determinate stimulus, which initiates arteriogenesis in arteries running collateral to the occlusion. 16 Our results demonstrate that ligation increased the blood velocity in collateral arterioles, and that this increase was accompanied by commensurate diameter increases in these arterioles after 72 hours. As we did not observe an increase in luminal diameter, the external diameter increase observed at this early time point may be the result of thickening of the collateral walls because of edema associated with cell proliferation. 16 Arteriogenesis in this model is further confirmed by recruitment of CX3CR1 (+/GFP) monocytes to activated collateral arterioles, which encircle the smooth muscle layer, and by the presence of proliferating cells in the vessel walls of these collaterals after 72 hours.
We further sought to determine whether monocytes recruited to collateral arterioles during microvascular arteriogenesis in the murine spinotrapezius extravasate from shear-activated arterioles or nearby paired venules. In (+/ CX3CR1-GFP)/(+/NG2-DsRed.T1) mice, the following observations collectively suggest that monocytes involved in this model extravasate from venules: the significant association of CX3CR1 (+/GFP) cells with venules at 6 hours after ligation, the shift in CX3CR1 (+/GFP hi) cells from venule to arteriole associated over the time course examined, the significant reduction in venular-associated CX3CR1 (+/GFP) cells between 24 and 72 hours after ligation, and the lack of detectable monocyte adhesion in arteriolar lumina at any time point. Our observations in (+/CX3CR1-GFP)/(+/CCR2-RFP) mice at 72 hours after ligation further support this conclusion. Because monocytes were clearly able to extravasate in these animals, the increased numbers of monocytes associated with venules and lack of monocyte colocalization with the medial layer of collateral arterioles demonstrate that these cells are originating from venules. Furthermore, the apparent deficit in chemotaxis of CCR2
(+/RFP) monocytes implicates the importance of CCL2/CCR2 signaling in monocyte migration between the 2 microvessel types. Heil et al 6 have previously shown that CCL2-driven chemotaxis of monocytes is abolished in cells from CCR2 (−/−) mice. However, studies in murine models cannot exclude the possibility of monocyte transmigration through the arteriolar endothelium into the subintimal space in other species, which exhibit neointima formation during arteriogenesis. 9, 16 We observed adherent leukocytes accumulated in venular lumina at every time point examined. In contrast, we were unable to detect an accumulation of adhered leukocytes in arteriolar luimina at any time point examined. In addition, at high magnification, we observed many instances at the 6-hour time point in which CX3CR1
(+/GFP) cells were clearly extravasating from the venule as evident by their orientation and distribution in the tissue relative to the microvessels. Our examination of gracilis adductor collateral arterioles at 24 hours after ligation also revealed a lack of leukocyte accumulation in these vessels; adhered CX3CR1
(+/GFP) cells were again common in venules. This suggests that recruitment occurs similarly in the femoral artery ligation model. Although we are unable to observe real-time dynamics of cell recruitment in these models, the evidence acquired in harvested tissues across different time points suggests that recruited monocytes do not normally arrive via extravasation from activated collateral arterioles. This may be, in part, because of the highly elevated fluid shear stress present in these vessels after feeder ligation. However, the findings of Ley and Gaehtgens 17 in similarly sized microvessels of the rat mesentery suggest that differences in shear stress may not explain this phenomenon. They found that in stark contrast to the consistent leukocyte rolling observed on venular endothelium, practically no lymphocytes rolled on arteriolar endothelium regardless of wall shear rate. This was hypothesized to be attributed to differences between the arteriolar and the venular endothelium because previous studies had already shown preferential expression of selectins on venular endothelium. Jung and Ley 18 later demonstrated differences in selectin and ICAM-1 (intracellcular adhesion molecule-1) expression between arteriolar and venular endothelium in mouse cremaster, after the activation by tumor necrosis factor-α, which were consistent with rolling and adhesion taking place preferentially in venules. We are unaware of any published study that compares adhesion molecule expression between venular and arteriolar endothelium in the setting of microvascular arteriogenesis. Additional studies are needed to address this question.
Given the significantly greater CX3CR1 (+/GFP) cell recruitment in ligated muscle when compared with sham-operated at 24 hours, it would seem that the presence of shear-activated arterioles in close proximity to venules increases leukocyte recruitment from these venules. Previous studies have suggested that communication between venules and closely paired arterioles regulates capillary perfusion and that this communication is altered during inflammation. 19 The mechanisms of this signaling are largely unknown and may involve factors originating from leukocytes, as well as the vessels themselves. Other studies have provided evidence to support roles for both reactive oxygen species 20 and angiotensin II 21 in activating venules to recruit inflammatory cells. Whether these potent signaling molecules are involved in communication between shear stress-activated arterioles and venules in muscle remain to be seen. The presence of CD206 + cells undergoing DNA synthesis suggests that these cells are proliferating locally. These were most often residing in a perivascular position around venules and arterioles at both 24 and 72 hours after ligation. We observed significantly more EdU + nuclei in the perivascular spaces of venules at 24 hours after ligation, suggesting that some local proliferation may be associated with the inflammatory response induced by surgery. Many studies have indicated that some tissue-resident macrophage populations are capable of self-renewal by local proliferation. 10 If proliferation of tissue-resident perivascular macrophages were contributing significantly to the accumulation around collateral arterioles evident at 72 hours after ligation, we would expect to observe more CD206 + macrophages with EdU + nuclei associated with collateral arterioles at the 24-hour time point. We restained CX3CR1-GFP heterozygote muscles harvested 72 hours after ligation for CD206 after initial imaging for GFP was completed. We observed faint CD206 staining on rounded cells in areas of CX3CR1 (+/GFP) cell accumulation around remodeling collateral arterioles ( Figure III in the online-only Data Supplement). Because much of the GFP was lost while permeabilizing the tissue to deliver antibody, we were unable to confirm whether this staining was on recruited CX3CR1 (+/GFP) cells. Cote et al 22 concluded that both infiltrating and resident cells contribute to macrophage accumulation after muscle injury. Epelman et al 23 found that both recruited monocytes and local proliferation contributed to cardiac macrophage populations during inflammation. On the basis of our observations during this study, we hypothesize that CD206 macrophages in our model are derived from both local proliferation and recruited monocytes.
Although local proliferation of macrophages is occurring in this model, it seems that monocyte-derived cells may be more integral to early remodeling of the collateral wall, because CX3CR1 (+/GFP) cells, but not CD206 + cells, were observed to encircle the entire circumferences of collateral medial layers tightly. This is consistent with numerous previous studies demonstrating the influence that circulating monocytes have on arteriogenesis. 5, 7, 24 Interestingly, local proliferation of CD206 + macrophages around collateral arterioles seemed to be increased at 72 hours after ligation, after recruited CX3CR1 (+/GFP) cells had colocalized to the medial layers of these vessels. Clearly, more studies are needed to address questions about the contributions of specific monocyte/macrophage populations to arteriogenesis.
We observed striking differences in the distributions of CX3CR1 (+/GFP) cells between ligated and sham-operated treatment groups. In contrast to the ligated group, the sham group displayed a significant drop in CX3CR1 (+/GFP) cells from 6 to 24 hours after ligation. This was attributable to a large decrease in CX3CR1 (+/GFP hi) cells within the sham group during this time. Because recruitment was nearly identical between treatments at 6 hours, this suggests that fewer recruited cells were retained near the microvessels in the sham group at 24 hours. In addition, we observed a steady accumulation of CX3CR1 (+/GFP hi) cells around collateral arterioles in the ligated group, which was completely absent in the sham group. These results suggest that collateral arterioles in the sham group were not shear-activated as would be expected. Thus, recruited monocytes in the sham group migrated to other areas without being retained by collateral arterioles. For instance, after ligation surgery, we commonly saw an accumulation of CX3CR1 (+/GFP) cells on the dorsal face of the muscle where the fascia layer was disturbed.
Although our thresholding method to designate GFP hi cells was relatively arbitrary in comparison with gating methods for flow cytometry, it nevertheless enabled the detection of 2 distinct populations of recruited CX3CR1 (+/GFP) cells, which seem to behave differently in the setting of microvascular arteriogenesis. CX3CR1
(+/GFP lo) cell accumulation peaked by the 24-hour time point and then trended down in both surgery treatment groups. The patterns of recruitment observed for these cells over the examined time course also varied little between venules and collateral arterioles. In contrast, CX3CR1
(+/GFP hi) cells steadily accumulated around shear-activated collateral arterioles between 6 and 72 hours, whereas nearby venules saw a sharp decline in the number of these cells between 24 and 72 hours. CX3CR1
(+/GFP hi) cells but not CX3CR1
(+/GFP lo) cells were preferentially associated with activated collateral arterioles 72 hours after ligation. This is consistent with the findings of Butoi et al, 25 which demonstrated that monocytes upregulate CX3CR1 expression during interactions with smooth muscle cells and indicate that the CX3CR1 (+/GFP hi) population is the one more relevant to the remodeling of activated collateral arterioles. The importance of CX3CR1 to both arteriolar and venular remodeling has previously been demonstrated by Meisner et al, 26 who documented a diminished remodeling response in both microvessel types for chimeras reconstituted with knockout bone marrow.
On the basis of the work of Geissman et al, 27 it seems that most of the CX3CR1 (+/GFP) monocytes we document extravasating from venules at 24 hours after ligation are likely of the CX3CR1 lo CCR2 + Gr1 + subset. The vast majority of cells we designated CX3CR1
(+/GFP hi) in (+/CX3CR1-GFP)/(+/ CCR2-RFP) animals exhibited CCR2-RFP expression and CCR2-RFP expression correlated positively to CX3CR1-GFP expression in these cells at 24 hours after ligation. At 72 hours after ligation, CX3CR1
(+/GFP hi) cells in these animals, which had colocalized with the smooth muscle layer of collateral arterioles and adopted an elongated morphology, still exhibited CCR2-RFP expression. It is not known what happens to CX3CR1 expression in monocytes over time once they enter the tissue after extravasation in this setting. It may be that the observed recruitment patterns are simply the result of differential chemokine receptor expression in these cells, which make CX3CR1 (+/GFP hi) cells more likely to home to the remodeling collateral arterioles. Alternatively, some extravasated CX3CR1
(+/GFPlo) cells could be upregulating their CX3CR1 expression between the examined time points.
Troidl et al 24 recently documented the recruitment of CD68 + CD163 − (M1) and CD68 + CD163 + (M2) macrophages to collateral arterioles undergoing arteriogenesis in the murine hindlimb and provided evidence for both classically activated (M1) and nonclassically activated (M2) macrophages playing determinate roles during the remodeling process. The current paradigm is that M1 macrophages play an inflammatory role during arteriogenesis to increase cell recruitment, whereas M2 macrophages secrete factors to aid in structural remodeling and cell proliferation within the collateral vessel itself. 4 We used CD206 as our marker for nonclassically activated (M2) macrophages. 28 However, with the exception of mast cells, virtually all CD68 + cells in murine spinotrapezii were also CD206 + in the unoperated group and after both surgery treatments. This highlights the inadequacy of using a single marker when attempting to determine macrophage activation states. 29 It is becoming increasingly clear that these designations sometimes have limited utility in describing activation states present in in vivo processes, 30 where ongoing cell recruitment and tissue remodeling likely result in macrophages being present at various stages of phenotype switching.
We found mast cell numbers to be increased around collateral arterioles at 72 hours after ligation. Mast cells have previously been implicated as contributors to arteriogenesis, 31 and we have previously noted an apparent increase in their numbers in thrombin-treated muscles exhibiting postligation capillary arterialization. 32 Mast cells are known to modulate inflammatory responses and to contribute to breakdown and remodeling of the extracellular matrix. 33 These functions are consistent with the observed increase in mast cells associated with collateral arterioles after ligation treatment. Local proliferation of mast cells in skin was recently documented in a canine model of dermatitis. 34 Our EdU proliferation assay results suggest that these cells are capable of local proliferation in skeletal muscle. However, the rarity of observed mast cells with EdU + nuclei suggests that the population expansion apparent at 72 hours after ligation is mainly attributable to recruitment rather than local proliferation.
This study clearly demonstrates that arteriogenesis occurs in the murine spinotrapezius ligation model and highlights the resolution with which this model allows examination of recruited cell populations involved in the remodeling process. Our study is the first to offer direct evidence of monocyte recruitment from venules to collateral arterioles during microvascular arteriogenesis. Our results support the growing consensus that cells derived from circulating monocytes are integral to arteriogenesis and suggest that manipulations designed to increase monocyte adhesion and extravasation during microvascular arteriogenesis should target venules.
